The formation of ultracold molecules via stimulated emission followed by a radiative deexcitation cascade in the presence of a static electric field is investigated. By analyzing the corresponding cross sections, we demonstrate the possibility to populate the lowest rotational excitations via photoassociation. The modification of the radiative cascade due to the electric field leads to narrow rotational state distributions in the vibrational ground state. External fields might therefore represent an additional valuable tool towards the ultimate goal of quantum state preparation of molecules.
The formation of ultracold molecules via stimulated emission followed by a radiative deexcitation cascade in the presence of a static electric field is investigated. By analyzing the corresponding cross sections, we demonstrate the possibility to populate the lowest rotational excitations via photoassociation. The modification of the radiative cascade due to the electric field leads to narrow rotational state distributions in the vibrational ground state. External fields might therefore represent an additional valuable tool towards the ultimate goal of quantum state preparation of molecules. Over the past decade investigations of ultracold quantum gases have been revealing a wealth of intriguing phenomena. In particular, ultracold molecular systems represent a paradigm including molecular Bose-Einstein condensates [1, 2, 3] . External fields are equally important for the preparation and control of ultracold systems. They are used for cooling and trapping as well as for quantum state preparation or the tuning of atomic/molecular interactions, e.g., via Feshbach resonances [4, 5] . Moreover, they provide a tool to manipulate chemical reactions and collisions [6, 7] , collisional spin relaxation in cold molecules [8] , and rovibrational spectra and transitions [9, 10] . The quest for ultracold molecules being prepared in well-defined rovibrational quantum states is motivated by major perspectives such as the creation of quantum gases with novel many-body properties, ultracold state-to-state chemical reaction dynamics, or molecular quantum computation [11, 12, 13] .
A special focus is the study of heteronuclear polar dimers and the possibility to create dipolar quantum gases [14] . Due to the permanent electric dipole moments of the constituent molecules, the intermolecular interaction becomes long-ranged thereby introducing exceptional properties for, e.g., the corresponding quantum gases. Electric fields play here an important role due to their immediate impact on polar systems which leads to rotational orientation and alignment of the molecules. The control of the formation process of ultracold polar molecules is a key issue to arrive at molecular quantum gases. Photoassociation of ultracold atoms is a widespread technique to produce ultracold molecules [15] . Indeed, the formation via photoassociation of KRb [16] , LiCs [17] , NaCs [18] and RbCs [19, 20] has been reported recently.
Let us consider a mixture of two atomic species in their electronic ground states, exposed to a linearly polarized laser with a frequency corresponding to the transition from the continuum to a highly excited vibrational bound state of the electronic ground state. The corresponding process of stimulated emission of a single photon allows for the formation of a polar molecule, see fig. 1 (note that hyperfine states are not considered). It has been recently studied for the LiH and NaH molecules [21, 22] focusing on the ultracold regime where s → p-wave transitions dominate and only rovibrational bound states with angular momentum equal to one can be produced. Subsequently, a radiative cascade of rovibrational transitions leads to the vibrational ground state, thereby populating a broad range of rotational molecular states.
In the present work we explore the impact of an additional homogeneous static electric field on the formation process of polar dimers. As indicated above, the latter consists of the one-photon stimulated association (OPA) followed by a radiative deexcitation cascade (RDC). We demonstrate that the presence of the static field allows one to populate via the OPA electrically dressed states evolving from field-free levels with zero angular momentum. This in combination with the following RDC yields a final rotational state distribution within the lowest vibrational band which is significantly narrower compared to the field-free case. Consequently, a static electric field can serve as a tool to prepare a molecular gas with only a limited number of well-defined molecular quantum states being populated. This might be a helpful step towards the goal of reaching quantum gases of molecules in their rovibrational ground states.
Let us assume that perturbation theory suffices for the description of the interaction with the laser field and for the interaction of the electronic motion with the static electric field. However, a nonperturbative treatment is indispensable for the impact of the electric field on the nuclear dynamics. The Hamiltonian for the rovibrational motion of the diatomic system in the Born-Oppenheimer approximation reads
where the molecule fixed frame with the origin at the center of mass of the nuclei has been employed. (R, θ, φ) are the internuclear distance and the Euler angles, respectively. µ, J(θ, φ), ε(R), F , and D(R) are the reduced mass of the nuclei, the rotational angular momentum, the field-free electronic potential energy curve, the electric field strength, and the electronic dipole moment function, respectively. The electric field is parallel to the z-axis of the laboratory frame. In field-free space, each bound state of the molecule is characterized by its vibrational, rotational, and magnetic quantum numbers (v, J, M ). In the presence of the electric field only the magnetic quantum number M is conserved. However, for reasons of addressability we will refer to the electrically dressed states by means of the corresponding field-free quantum numbers.
In the framework of the dipole approximation, the cross section of the stimulated emission process from the continuum Ψ E (R) to the rovibrational state Ψ α (R) is given by
where α labels the bound state and E, E α are the continuum and rovibrational energies, respectively. The continuum wavefunctions are energy normalized while the rovibrational ones are L 2 normalized. The nuclear equation of motion associated with the Hamiltonian (1) is solved by means of a hybrid computational approach together with a Krylov-type diagonalization technique [23] . For the vibrational coordinate we use a mapped discrete variable representation based on sine functions [24] in a box of size L. A basis set expansion in terms of the associated Legendre functions is performed for the angular coordinate. This computational technique provides an accurate description of highly excited bound states, while the continuum spectrum is discretized and described by L 2 normalized states. We emphasize that the traditional technique to represent energy normalized continuum wave functions by means of L 2 normalized functions [25] is here not applicable due to the field-induced coupling between the rotational and vibrational motions. Moreover, the coupling significantly alters the definition of the density of continuum states. This issue has been solved by employing the time-dependent formalism. Since our study focuses on the ultracold regime with temperatures below 1 mK, very large discretization boxes are required to properly describe the continuum.
Being a topical example, we focus on the polar alkali dimer LiCs. The potential energy curve of its X 1 Σ + electronic ground state is taken from experimental data [26] and the electric dipole moment function from semiempirical calculations [27] (see fig. 1 ). Continuum energies corresponding to T = 10, 100, 500 µK are considered. We analyze the stimulated emission process for the population of the rovibrational levels (44, J, 0), which is a reasonable but robust choice, with J = 0, 1, requiring laser wavelengths of 181.13 µm and 181.56 µm, respectively. Similar results are obtained for neighbouring vibrational bands. The dependence of the total cross sections on the electric field strength is shown in fig. 2 . It is worth noting that the considered regime of field strengths covers the experimentally accessible range and beyond: Static fields F > 4 · 10 −5 a.u. = 200 kV/cm are difficult to achieve in the laboratory. The cross sections increase with increasing temperature due to a larger overlap between the continuum and bound states. In the absence of the electric field, the ultracold regime is dominated by s → p-wave transitions and the cross section for populating the (44, 0, 0) state via the OPA process is several orders of magnitude smaller than the corresponding cross section involving the (44, 1, 0) state.
Augmenting the field strength, the cross sections change significantly which can be explained by the hybridization of the angular motion. For F 3 · 10 −6 a.u., the cross section for the (44, 0, 0) state becomes larger than the one belonging to the (44, 1, 0) state. Adopting T = 10 µK, the cross section of the J = 0 state increases monotonically by two orders of magnitude within the regime F = 10 −7 − 10 −5 a.u. Further increasing the field strength, it exhibits a plateau followed by a weakly pronounced minimum and a strong increase thereafter. In contrast to this, the cross section of the (44, 1, 0) state shows a plateau in the weak field regime. For stronger fields it rapidly decreases and reaches a deep minimum for F = 1.1·10 −5 a.u., followed by a broad maximum and a significant decrease for strong fields. This behaviour of the cross sections is due to the dominance of s → pwave transitions in the ultracold regime combined with the hybridization of the angular motion of the rovibrational state. Indeed, the presence of the plateaus in both cross sections is accompanied by an analogous constancy of the contribution of the p-wave to the corresponding wave functions. Similarly, the minimum for the J = 1 state at F = 1.1 · 10 −5 a.u. is due to the dominance of s, d, and f -waves along with a rather weak contribution of the p-wave.
Let us shortly analyze the hybridization of the angular motion for these two states in more detail. The (44,0,0) state has a high-field-seeking character with an increasing expectation value J 2 for augmenting fields, i.e., the contribution of higher field-free rotational states becomes larger as the electric field strength is enhanced. Consequently, this level shows a pronounced angular momentum hybridization J a.u.
The formation rates in the OPA process can be varied significantly by simply changing the intensity of the applied laser. Specifically, if we assume an atomic density n = 10 12 cm −3 , a volume V = 10 −6 cm 3 illuminated by a laser beam with intensity 1 kW cm 2 , and a temperature T = 1 mK we obtain a formation rate of 10 4 molecules per second. Recently, the formation of LiCs molecules in a two-species magneto-optical trap by a two-photon process has been reported [17] . The molecules are formed in the electronic ground state, but an analysis of the final vibrational state distribution is not provided. With densities of 10 10 cm −3 and 5 · 10 9 cm −3 for the Li and Cs atoms, respectively, and assuming a temperature of 100 µK, a molecular production rate between 1.4 ± 0.8 and 140 ± 80 molecules per second is estimated. Using these densities for the Li and Cs atoms, our theoretical results for the molecular formation rate via the OPA process are in the same order of magnitude. The reverse process of one photon absorption leading to the dissociation of the molecules is suppressed by the RDC (see below), although this is much more pronounced for light hydrides [21] compared to alkali dimers. It might be further eliminated by applying (chirped) laser pulses. Effects due to vibrational quenching can be neglected for not too large molecular densities.
Since the photoassociation process results in vibrationally highly excited states, a cascade of spontaneous emission processes will follow. The overall transition probability per unit time reads
where the summation includes all open decay channels, i.e., final levels α ′ with M ′ ∈ {M, M ± 1}. The corresponding transition rates are
with f M (θ) = cos θ and f M±1 (θ) = sin θ. ω α,α ′ is the energy difference between the initial and final states. The total and single-channel radiative lifetimes are τ α = (Γ α ) −1 and τ α,α ′ = (Γ α,α ′ ) −1 , respectively. Our aim is to analyze the final rotational state distribution in the lowest vibrational band resulting from the RDC. Starting from an initial state we therefore add up all decay paths resulting in a specific final state. This provides us the final J, M -state distributions.
Besides the possibility to form molecules evolving from field-free states with zero angular momentum by applying an electric field, the field interaction significantly alters the radiative properties of the bound molecular states. The rotational state distribution with varying (J, M ) in the ground vibrational state which results from the radiation cascade of the (44, 1, 0) state in the absence of the field is illustrated in fig. 3 . The inset shows the cumulative population for fixed rotational quantum numbers J (|M | ≤ J). Analogous results for the initial state α 0 = (44, 0, 0), but for F = 4 · 10 −5 a.u., are presented in fig. 4 . It should be noted that negative magnetic quantum numbers obey the same distribution due to the degeneracy of ±M states and the initial value M = 0. Augmenting the field from zero to F = 4 · 10 −5 a.u., corresponding to 200 state increases from 1.57 s to 2.15 s, while for the (44, 1, 0) state it is reduced from 1.87 to 1.76 s. In both cases, the prevailing variation of the vibrational quantum number for each transition changes throughout the cascade from ∆v = 6 for the v = 44 state to ∆v = 1 for low-lying vibrational states. It is important to note that, in contrast to its favourable large electric dipole moment, LiCs represents a molecule with quite long radiative decay times. In comparison, heavier alkali dimers have even longer lifetimes, e.g., kiloseconds for the KRb molecule [28] while light hydrides such as LiH exhibit much shorter lifetimes of the order of a few milliseconds [21] .
In the absence of the field, the selection rules ∆J = ±1, ∆M ∈ {0, ±1} for dipole transitions hold, giving rise to a very broad distribution of the population in the lowest vibrational band: a large number of states exhibit a similar population. For a fixed J, the fully angular-momentumpolarized states always possess the largest population, and for fixed M the population slowly decreases with increasing J. Moreover, the two fastest paths populate the rotationally highly excited (0, 20, ±20) states in 159 s. The cumulative population of the rotational bands exhibits a broad distribution with a maximum at J = 5. Similar results are obtained for the (44, 0, 0) state. Once the vibrational ground state is populated, the rotational cascade is an extremely slow process: The lifetimes of the (0, 1, ±1) and (0, 5, ±5) levels are 1.88 · 10 6 s and 1.1 · 10 4 s, respectively. We remark that heating due to the random direction of the emitted photons in the course of the RDC is a minor effect amounting to several tens of nanokelvins for a typical setup [21] . The population of the final rotational states in the lowest vibrational band following the OPA and RDC changes drastically in the presence of the electric field. Due to the hybridization of the angular motion, only the selection rule ∆M ∈ {0, ±1} for the magnetic quantum number holds and many new transitions are possible. In particular, for fully polarized angular momentum states the importance of purely vibrational transitions ∆J = ∆M = 0 increases with increasing field strength and these transitions become dominant in the strong field regime [10] . Consequently, the distribution is much narrower and exhibits pronounced peaks for a few fully angular-momentum-polarized states as can be seen by comparing figs. 3 and 4. For F = 4 · 10
a.u., the RDC is dominated by these purely vibrational transitions and the rovibrational ground state possesses the largest population of 5.75 % compared to 2.02 % for F = 0. This effect can be further enhanced by employing even higher fields. In addition, the rovibrational ground state is populated by the most probable paths. Accordingly, we observe in the inset of fig. 4 that the maximum of the cumulative rotational state population is shifted to the J = 2 band and includes 17.4% of the overall norm. The entire RDC process to the vibrational ground state typically takes several minutes. We remark that the subsequent rotational decay itself is enhanced significantly in the presence of the field and the corresponding fully angular-momentum-polarized states possess a unique radiative decay route to the rovibrational ground state [10] .
The above analysis demonstrates that the formation of ultracold molecules in their electronic ground state via a single-photon stimulated emission process followed by a radiative cascade can be significantly altered by the presence of a static electric field. The resulting narrow rotational distributions in the lowest vibrational band represent a remarkable step towards the ultimate goal of degenerate quantum gases of molecules in their rovibrational ground state, or more generally in any desired unique quantum state. Although our study focuses on the LiCs molecule, a qualitatively similar behaviour has to be expected for other heteronuclear dimers depending
